In this paper, we perform molecular simulations on novel viral protein linear nanoactuators. The main challenge in the design and performance analysis of nanodevices such as this, which are based on large conformational changes, is the limitation on computational time. A modified molecular dynamic approach known as Targeted Molecular Dynamics (TMD) is adopted to capture conformational changes within a smaller time frame (of the order of picoseconds). We study protonation and mutation of various amino acids. Our results show that when the wild type is protonated, the open state is unfavorable, unless the protonation comes along with a mutation of GLY to ALA. These findings confirm that the protein does not form a helical coil in its natural sequence. These results are in agreement with experimental observations recently made by our group at the Shriners Hospital. Furthermore, we use conventional molecular dynamics to study the effects of temperature on the conformational structure of the peptide at elevated temperatures. High temperatures are used to accelerate the process and to enable torsional barrier crossings. Approaches to quantify the observed behavior of the device, change in the secondary structure of the peptide, energy, and stability characteristics are also studied. One important observation is that classical MD simulations of the order of nanoseconds fail to capture the device motion fully and there is a need to step up into the micro-and millisecond scale.
INTRODUCTION
There is an increasing need of miniaturization of machines and energy conversion devices for various engineering applications. Modern research concentration is shifting from macro to the nano-scale with consumer and scientific devices becoming smaller and smaller. In the field of robotics, new initiatives have been proposed to develop nano-scale actuators, joints, motors, and other machine components. These devices will one day be assembled into functional nanorobots. Since these nanodevices are either single-molecule or macromolecular devices, the laws governing their behavior are different from the ones that govern macro-scale machines. Hence, in order to develop them, it is imperative to fully understand those laws and be able to create appropriate models that account for them.
Miniature molecular machines have been operating for centuries inside living beings. Nature has created and optimized these complex machines to carry out specific tasks, such as moving cellular cargo, and oxidizing high-energy * Authors to whom correspondence should be addressed. molecules, etc. With modern microscopic abilities, more and more of their functional details are being discovered. Mechanical motions, structural features, operating principles, limitations, and design features of many natural molecular motors are now known. It is possible to use these machines or their individual parts for specific purposes. Artificial molecular machines are also being created by taking inspiration from them. Some of the principles and applications of molecular machines have been reviewed in Refs. [1] [2] [3] [4] [5] [6] [7] .
Molecular machines that are currently being studied are mostly protein-based, DNA-based, or chemical machines. From each of the three classes, completely different types of machines are obtained. Each of these machines has a different operating environment, force and displacement capabilities, and fuel requirements. Hence all of them figure in a molecular part-list and can be utilized when requirements are specific to them. For example, protein-based ATP motors require protons or high-energy molecules, whereas DNA-based machines require DNA strands as fuel. Both these machines can be used to produce rotary motion, although in different operating environments.
In this paper, we describe the development of one such protein based linear robotic actuator, called the Viral Protein Linear (VPL) actuator. The inspiration for this type of actuator comes from nature-from the infection mechanism of some viruses. There is a particular segment of the surface protein of retroviruses such as influenza and HIV-1 viruses that undergoes a conformational change which can be used as a linear actuator producing about 10 nm of linear motion. Attempts are underway to characterize this particular protein actuator by computationally studying its behavior and predicting its performance. In this paper, we report computational results from the study of the changes in the structure experimented by the viral protein actuator as it interacts with other proteins, in conditions of trimerization, mutation of its sequence, and changes in temperature.
CONCEPT: VIRAL PROTEIN LINEAR (VPL) ACTUATOR
The role of envelope glycoproteins (surface proteins) of various retroviruses in the process of membrane fusion has been investigated and understood over the years. Such viruses infect their target cells by the process of membrane fusion. Membrane fusion is necessary for a large number of diverse processes in biology such as protein trafficking, protein secretion, fertilization, viral invasion, and neurotransmission. These processes require the fusion of distinct membranes to form a lipid bilayer. The mechanism is best understood among enveloped viruses such as the influenza virus. [8] [9] [10] [11] Specialized viral proteins are required to promote membrane fusion-a process which is otherwise very slow. In many cases, these membrane-fusion proteins also serve as agents that promote the binding of the virus onto the cell surface receptors. In the influenza virus, a protein called Hemagglutinin (HA) mediates both the binding of the virus to the cell surface and the subsequent fusion of viral and cellular membranes. The receptor binding subunit of HA is termed HA1, while the fusogenic subunit is denoted as HA2. Figure 1 shows a schematic of the influenza virus.
HA1/HA2 complex consists of the disulfide bonded HA1 and HA2 peptides. Each HA monomer is synthesized as a fusion-incompetent precursor polypeptide known as HA0 which undergoes proteolytic cleavage to give rise to the two chains. 12 13 The native HA1/HA2 complex in the viral envelope is fusion-inactive. The cell-surface receptor needed for the virus to bind onto the cell is known as sialic acid. HA1 binds to this receptor and hence serves the purpose of bringing the virus and cell together.
Upon binding with sialic acid, the virus is endocytosed by the cell (Fig. 2) . HA remains dormant until the endosome begins to mature, and the pH in the HA surroundings drops to a value of about 5. At this pH, there is a conformational change in HA2 domain of HA that induces the viral membrane to fuse with the cellular, endosomal membrane, thereby permitting the nucleocapsid of the virus to be deposited into the cytoplasm of the cell. Hence it can be inferred that the acidic pH acts as the physiological trigger for the HA conformational change. Since the low pH also activates membrane fusion, the low pH conformation of HA is also known as fusogenic conformation.
The crystal structures of HA in both the native and the fusogenic conformations are known. [14] [15] [16] [17] As stated above, the HA1 only serves the purpose of cellular recognition and binding to the cell surface receptor and is not of much interest as a nanoactuator. The HA2 subunit, however, is then responsible for the membrane fusion activity. In the native state, the central region of HA2 folds as a helical hairpin-like structure ( Fig. 3(A) ). The hairpin shown in Figure 3 (A) is a monomer. Two more such subunits (consisting of two segments each) are present to form a trimer together. The long -helices from each subunit in the native state form a well known structure called the three 
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Molecular Dynamic Studies of Viral-Protein Based Nano-Actuators The monomer consists of two segments A and B. At the N-terminal is the fusion peptide contained in segment A (residues 1-25, shown in pink) followed by short anti-parallel -sheet (residues 26-37, shown in cyan). The outer arm of the hairpin is a small -helix (residues 38-53, shown in yellow) which is connected to a long -helix (residues 82-125, shown in blue) by a loop region (residues 54-81, shown in orange); (B) HA2 chains A and B in fusogenic states. The loop region (orange) converts into a relatively more rigid -helix and forms a continuation of the long -helix (blue). The short -helix is thus translated upwards along with the fusion peptide (not shown). Coiled coil motifs contain hydrophobic and hydrophilic amino acids in a repeating heptad pattern (positions a through g) as shown in Figure 4 . Looking down the axis of the helix, hydrophobic residues tend to occur at the positions a and d of the heptad repeat and these residues form the interface between the helices. It is believed that HA folds into its thermodynamically most stable at neutral pH that is the native state. But at reduced pH, the fusogenic state becomes thermodynamically more feasible and hence the protein changes conformation in order to achieve it. 19 Another model that is widely accepted suggests that the native state is a metastable state that can be disturbed by any agent, not only pH. It has been observed that heat can also produce this conformational change at neutral pH and so does a denaturant such as urea. 19 In addition to influenza, several other viruses exhibit a similar infection mechanism, such as the Human Immunodeficiency Virus type 1 (HIV 1) peptide gp41, the Human Respiratory Syncytial Virus (HRSV) protein subunit F1, the Simian Immunodeficiency Virus (SIV) protein gp41, the Human T cell Leukemia virus type 1 protein gp21, the Simian Parainfluenza Virus peptide unit SV5, and the Ebola virus protein gp2. [20] [21] [22] [23] [24] [25] Each one of these peptides can result in a different actuator that can have different properties such as weight, volume, range of motion, force, and speed capabilities. A possible robotic application of VPL nanoactuators could be to pull and push membranous platforms akin to parallel platforms in macro robotics. Such a projected application is visualized in Figure 6 . The VPL actuators can be seated in between two engineered platforms made of biomembranes. Their ends can be stabilized by attaching fibrous proteins that have spring-like capabilities such as fibronectin type III (titin) fibers. 26 To augment the force capabilities of the VPL actuators, several VPL actuating elements could be attached in parallel as it is shown in Figure 7 . Such parallel attachment of multiple VPL motors could result extremely powerful, micro, meso or even macro actuators that will be able to apply ultra large forces while their dimensions are extremely small. In a similar way, to increase the displacement capability of the VPL motors, several VPL elements could be connected in series.
COMPUTATIONAL TOOLS
The nanoscale actuator system can be analyzed computationally by using Molecular Dynamics (MD) simulations. Molecular Dynamics is a computer modeling technique where the time evolution of a set of interacting particles is followed by integrating their equations of motion. 27 MD simulations permit the study of complex, dynamic processes occurring in molecular systems such as proteins, nucleic acids, etc. Particles, for example, atoms of a molecule exert forces on each other. In classical MD, the force F i acting on each particle i with mass m i and acceleration a i , is given by Newton's Second Law:
where the acceleration is defined as the second derivative of the position vector r i with respect to time t: 2 The force in eq. (1) is calculated as a derivative of a potential function, which depends on the position of the individual atoms. The interaction between any two particles is typically described by a Lennard Jones potential:
where each particle i, j is separated by a distance r ij . The Lennard-Jones parameters and depend on the type of interacting particles. For water, they take on the values of 0.316 nm and 0.65 kJ/mol, respectively. When the particles are in close proximity, i.e., for small r ij , the term 1/r 12 ij dominates, giving the potential a net positive value and indicating repulsion between the particles. For large values of r ij , the term 1/r 6 ij dominates making the potential negative and signifying attraction between the particles. The forces exerted by the particles on each other can be obtained by differentiating the potential function with respect to the distance r ij . The net potential for a molecule can thus be obtained by summing the individual interaction potentials as:
The above summation is for a particle/atom pair i, j and the restriction i > j ensures that no pairs are repeated in the summation. The force on any atom i is then:
Molecular dynamics is a method strongly based on statistical mechanics. Just as a thermodynamic state of a system is defined by the parameters pressure P , temperature T , and number of particles N (or volume V ), the mechanical or microscopic state of a system is defined by atomic positions q and momenta p. These positions and momenta form a 6N dimensional phase space for N particles-3N for positions and 3N for momenta. A trajectory of the molecular motion can be calculated in this phase space. However, we obtain a set of molecular conformations distributed according to some statistical distribution function, or a statistical ensemble. An ensemble is a set of points (indicating conformations) in the phase space that obey a particular law. For example, a microcanonical ensemble is a thermodynamic state characterized by a fixed number of atoms N , fixed volume V , and fixed system energy E. Physical quantities are represented by averages of those properties over the conformations so obtained. Hence the physical quantities measured in MD are arithmetic averages of the value of those quantities for all the conformations obtained.
The conservation of energy must hold, i.e.:
The kinetic energy K depends on the desired system temperature, and initial velocities are assigned to the individual particles accordingly. The total energy and its components can be calculated either by molecular mechanics (MM) or quantum mechanics (QM) methods.
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As seen above, the first derivative of energy with respect to atomic positions gives the net force on a particular atom which can now be written as:
Newton's equations should now be solved knowing the atomic masses and the forces acting on the atoms to give the positions of the atoms along a series of small time steps which are typically a few femtoseconds (fs). These snapshots of atomic positions constitute the trajectory of the molecule, or the path it follows during a conformational change from one state to other. However, due to lack of analytic solution, the equations are not solved directly. Instead, the following steps can be followed: (i) Computation of atomic accelerations from the known forces and masses and use of eq. (1).
(ii) Calculation of velocities from the accelerations as
(iii) Calculation of atomic positions r i from velocities as
The most common algorithms for the calculation of trajectories are the Verlet, 28 the Predictor-Corrector, 29 30 and the Leap-Frog algorithms. Other algorithms include Velocity Verlet and Beeman's equations.
A number of commercial software packages are available for macromolecular MD simulations, such as CHARMM, 31 AMBER, 32 NAMD, 33 etc. With CHARMM, we can model a protein based on its amino acid sequence and allow a transition between two known states of the protein using Targeted Molecular Dynamics (TMD). 34 TMD is a toolbox of CHARMM that is used for approximate modeling of processes spanning long time-scales and relatively large displacements. Because the distance to be traveled by the N-terminal of the viral protein is relatively very large, we do not let the protein unfold by itself. Instead of 'unfolding' we want it to undergo a large conformational change and 'open' up. To achieve this, the macromolecule will be 'forced' towards a final conformation 'F' from an initial conformation 'I' by applying constraints. The constraint is in the form of a bias in the force field. If we define the 3N position coordinates corresponding to N atoms in the molecule as:
where 3N are the Cartesian coordinates of the position vectors r 1 , r 2 r N of each individual atom, then for each conformation x, its distance, , to the target conformation 'F' is defined as:
The distance is a purely geometric control parameter here, which will be used to force the macromolecule to undergo the desired transformation. The constraint applied for this is equal to:
This results in an additional constraint force (with as the Lagrange parameter) given by:
The TMD algorithm steps are: At the end of the simulation, the final distance f is reached. In this way, a monotonous decrease of forces the system to find a pathway from x I to a final conformation x F .
COMPUTATIONAL RESULTS
Different segments of VPL actuator can be studied using TMD simulations so that estimates of the forces and displacements produced by the actuator are made. The entire influenza hemagglutinin structure is large and complicated and we may not need all of it to study the behavior of the VPL actuator. Our past and ongoing computational studies focus on a peptide which is a 36 residue cut out of the VPL protein that forms a hinge region of the viral protein joining the two helical regions of each monomer (from now on, we will refer to this sequence as "loop36"). 15 17 In its native form as obtained from Protein Data Bank 35 (PDB) file 1HGF at pH of about 7.0, loop36 consists of a 15 residue long -helical part with the remaining fragment in a random and flabby loop form (Fig. 8) . It is located in the segment B of the Influenza Hemagglutinin protein sequence from residues 54 to 89. The extended fusogenic state of the peptide is obtained from crystal structure 1HTM in PDB. Loop36 has been recognized as being a critical segment for a pH dependant conformational change. 18 19 The loop36 wild type (naturally occurring) sequence is as follows:
ARG
VAL ILE GLU LYS THR ASN GLU LYS PHE HIS GLN ILE GLU LYS GLU PHE SER GLU VAL GLU GLY ARG ILE GLN ASP LEU GLU LYS TYR VAL GLU ASP THR LYS ILE
TMD Applied to Loop36 Monomer
The conformational energy profile of one monomer can give insights to the feasibility of the unfolding event of Molecular Dynamic Studies of Viral-Protein Based Nano-Actuators Dubey et al. the trimer; and to take it further, of the HA system as a whole. If traditional molecular dynamics techniques are applied to excite such a monomer for extended periods of time-for example, heating the protein, assigning randomized backbone angles, and equilibration for as long as 30 nanoseconds, they fail to make a considerable effect on the structure. 36 This is due to the metastable nature of the initial state of the peptide as noted in Ref. [19] . It is hard to come out of the low-energy conformation in a computationally feasible time. Hence Targeted Molecular Dynamics (TMD) is applied in order to study such as system. TMD applies a holonomic constraint that reduces the root mean square deviation (RMSD) of the protein from a predefined target structure by a preset value at each dynamics step. 34 It has been shown that TMD can produce results equivalent to those from traditional MD simulations techniques in a much shorter time by using and lower temperatures. Ferrara et al. 37 have shown using the example of chymotrypsin inhibitor 2 that the energies of conformation sampled using TMD are in agreement with those Figure 9 shows the VMD 39 rendered transition of a loop36 monomer from initial (closed) state to an open (fusogenic) state. The entire transition is achieved in 66 picoseconds when using TMD, while it was not achievable in 30 nanoseconds using traditional MD techniques. As seen in the figure, after 20 ps the loop regions of the peptide are halfway open and after 50 ps they are completely opened but are yet to attain a -helical conformation. Spontaneous structural changes between the two conformations using unconstrained molecular dynamics may be observable in the microsecond or millisecond timescale. In the present case, however, the transformation is speeded up by using the artificial RMSD constraint such that a conformation close to the final state is approached successfully. The root mean square deviation (RMSD) from the open state is depicted in Figure 10 and its value indicates that the open and close conformation differ by 14 Å. The rate of opening of the monomer can be estimated with the slope of the RMSD curve. For this example, this value is approximately 0.2 Å/ps. The conformational energy of the system † is depicted in Figure 11 . We observe a peak at 50 picoseconds where the loop region has opened up and the helix begins to form. After this, the energy drops steeply, indicating a much favorable open state as compared to the closed state. Figure 12 shows the net force on a chosen heavy backbone atom (C atom of end residue 54 of the loop region). This last amino acid is an end-effector on the VPL robotic nanoactuator. When the actuator is in service and this end has been designed so that it can bind to-and pick up molecular objects a knowledge of the net force achievable † The energy of the system is calculated considering implicit solvation. 37 on this end will be useful. From the force profile, it is obvious that the force oscillates around the value of 30 pN until the loop attains a straightened position. It is only after helix generation begins, that the force increases to attain a peak at the end of the simulation.
Native Fusogenic
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Effects of Mutation and Protonation
To study the effect of a mutation and protonation of the protonatable amino acids, which happens at a low pH of 5.0 in natural conditions; four simulations were performed. The mutation is the replacement of glycine residue at position 22 of loop36 by an alanine (G22A). The four cases considered are as follows: (i) the wild type (no mutation or protonation) guided to an open state, (ii) one mutation of G22A, (iii) protonation of amino acids (with no mutations), and (iv) mutation and protonation as performed and analyzed in the previous section.
Eleven residues, out of the thirty-six present in loop36, were protonated: the lone histidine, eight glutamic acids, and two aspartic acids. Conformational energies of these simulations are compared in Figure 13 .
The monomer energies in all cases show a similar trend (Fig. 13 ). There is a relatively steady region from the beginning to up to about 50ps and then a small barrier is observed followed by a steep decline indicating that the monomers prefer the open -helical conformation. However, it is noticeable that the wild type (WT) and mutated (MUT) curves go together while the protonated (PROT) and protonated-mutated (PM) curves are a little lower. Moreover, the PM curve shows a slight decline in potential energy along the way to the open state, indicating that the PM monomer is the most likely to attain a stable open state, as also observed experimentally.
It must be noted that these are simple monomer simulations and hence the difference between WT/MUT and PROT/PM are not pronounced (since they differ by only one amino acid). Trimer MD analysis will be needed to study the details about the feasibility of the conformational change in each of the four cases.
Effects of Trimerization: The Loop36 Trimer
Similar to the monomers, a parallel study can be performed on the trimers-as the protein exists as a trimer in its natural environment. Figure 14 shows a time sequence of snapshots of the transition of a loop36 trimer from a ‡ The loop36 sequence has 8 GLU, 2 ASP, and 1 HIS that were replaced.
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Dubey et al. native to a fusogenic state in a TMD simulation. The TMD constraints direct the motion from the native state at 0 ps to the near open state in 96 ps. The helical regions flip upwards and the loop regions convert to -helical conformation. As seen from the energy graph in Figure 15 the process goes on smoothly through a favorable energy path until about 60 ps when the opening has taken place and the backbone dihedral angles will now be changed to come into the -helical range. This process requires energy and passage through many unfavorable conformations. However, once these are passed and helices have formed, energy drops, suggesting a gain in stability. This could be due to the hydrophobic residues finding their place towards the interior of the helices, where they prefer to stay. Like in the case of a monomer, the conformational transitions can be quantified by measuring the root mean square deviation from the target state at different points during the simulation. The TMD constraint directs the protein close to the desired state in a linear fashion, the speed of which can be controlled by the user. In this simulation, the RMSD drops linearly from about 20 Å to near 0 Å value in 96 ps (Fig. 16) .
In order to understand the conformational changes corresponding to the rising energy towards the end, more snapshots can be analyzed. Figure 17 shows a sequence of snapshots illustrating the helix formation.
At 86 ps, the peptide has just emerged from a highenergy plateau and the random loop regions have been straightened. However their conformation is not -helical; that is, the backbone dihedral angles and of each of the amino acids in the loop region are far from the -helical region in a Ramachandran plot. 40 From this point onwards, in order to align with the coiled coil -helical structure of the target a considerable bond rotation (torsion) is required to create the -helix. During this rotation, the peptide atoms pass through relative orientations that are strained due to non-bonded interactions, hence accounting for the increase in conformational energy. At 88 ps we observe that -helix formation has been initiated in the loop region of two segments while the third segment is still has its tail as a random loop. Considerable bond torsion is still to be affected into the segments and the energy increases. This trend continues until 92 ps, as the -helical content slowly increases but there is still some region that is far from the helical range. At 94 ps we observe an energy drop, and the structure looks like the straight-loop regions of the previous snapshot have turned into coils even though not into perfect -helices. By this time the backbone dihedrals have assumed values close to those found in -helices. From this point onwards, we expect the structure to consolidate, with hydrogen bond formation along the length of the segments. 41 42 These hydrogen bonds stabilize the peptide and hence the conformational energy drops. The drop continues until the end of the simulation when the RMSD approaches the cutoff value of 1 Å at 96 ps. Figure 18 shows the number of hydrogen bonds in the peptides during the period of 86 to 96 ps. We can Time (ps) Number of H-Bonds Fig. 18 . Number of H-bonds increases during the period of 89-96 ps when majority of helix formation takes place.
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observe an increase in the number of hydrogen bonds ¶ up to the end of the simulation run (i.e., when open state is achieved). In general, the formation of an -helical structure requires the presence of intra-helical hydrogen bonds. By mere observation of the snapshots (Fig. 17) and by means of the data in Figure 18 , we can observe that the open state takes place gradually in parallel to the hydrogen bond formation, which stabilizes the newly generated -helical structure.
Temperature Effects
The folding and unfolding kinetics, and the stability and conformational changes of the peptide depend on several factors, for example hydrophobic interactions, hydrogen bonding, conformational entropy, and the physical environment. In particular, the value of temperature is a relevant factor. When the protein is exposed to high temperatures, not only can it fold/unfold but it may also become denatured. Heating a protein corresponds to increasing the kinetic energy of its atoms, and this, in turn causes the molecules to vibrate more, possibly disrupting many of the hydrogen bonds and non-polar interactions and hence the secondary structure of the protein. The simulations described in this section were performed with two goals: (a) to see whether experimental observations can be reproduced and (b) to understand the behavior of VPL trimer at elevated temperatures. This knowledge would also help in ascertaining whether there is a range of temperatures in which changes of structure such as folding or -helix formation were initiated, before the protein denatures. These simulations were performed on loop50 trimer because it has a larger secondary structure section than the loop36 and which would facilitate a better understanding of the conformational changes with respect to temperature. The initial structure was taken from PDB file 1HGF which corresponds to the closed state of Influenza Hemagglutinin peptide. Loop50 (residues 40 to 89, segments B, D, and F in file 1HGF) was cut out of this peptide for our ¶ A minimum is observed at 90 ps. We believe this is due to statistical fluctuations. simulation. Furthermore they were mutated by replacing the GLY residues with ALA. Two replacements in each segment were made. As mentioned earlier, the GLY to ALA mutation is known to have a favorable effect on the functioning of the protein. 18 The entire process of the heating of the peptide comprised of five different stages, whose snapshots are depicted in Figure 19 : (i) an initialization stage of 20 ps, in which a steepestdescent energy minimization was performed. This minimization period was performed to relax the structure after mutations as well as to assign initial velocities to the atoms.
ps
(ii) A subsequent stage of heating was performed in steps of 5 C with a frequency of 500 steps, in which the system was heated for 150 ps starting from 0 C to 500 C. During the heating stage the Leapfrog Verlet integrator was used. (iii) A period of equilibration (typically called early equilibration) during which, temperature fluctuations within a window of (−10, 10 C) were allowed. This process was performed for 300 ps and hence, the total simulation time until the end of this stage totals 450 ps. (iv) In general, during a heating process, temperature fluctuations tend to be large, and for that reason, a subsequent equilibration period is needed (typically called late equilibration), which is a more relaxed form of the early equilibration stage and it allows structural changes to stabilize further as the kinetic and potential energies continue to redistribute. In order to make sure that the temperature fluctuations are within the pre-established window (−10, 10 C), the temperature values are checked every 2000 steps and rigid body rotations are stopped every 2000 steps. This process was performed for 500 ps ending at a total simulation time of 950 ps. (v) During the last stage a constant temperature simulation was performed: the system was now maintained at a constant temperature of 500 C for 5 ns. This was achieved by the use of Berendsen's Thermostat. 43 Within this framework, the temperature was kept at the desired value by scaling velocities at each step. A coupling constant of 5 ps (Ref. [43] ) was used for these simulations (Fig. 19) .
The nonbonded interactions (electrostatics and Van der Waals) were updated heuristically throughout the simulation. A shift function was employed with a cutoff at 12.0 Å. Since the force constants for bonds and bond angles are relatively large, they can be constrained in order to allow for a larger integration time step of 2 femtoseconds that was used in these simulations. Such constraints were imposed on all bonds involving H atoms in the form of SHAKE algorithm. 44 In order to quantify changes in the structure, we calculated the helical content of the peptide at different time intervals and the results are depicted in Figure 20 . Consistent with the snapshots in Figure 19 , we see a continuous drop in the helicity of the peptide as time progresses. Our results show that changes in happen relatively quickly during the heating period (during a time period of only 150 ps in which drops from 0.66% to 0.5%) and a relatively slower drop that occurs in a time span of next 5.7 ns in which varies from 0.5 to 0.32 corresponding to the equilibration and constant temperature simulation.
The calculation of the helicity was done using the Lifson-Roig (LR) theory. 45 It states that a residue in a protein is considered helical if its dihedral angles ( , ) lie within 30 of (−57 , −47 ). The , angles were tabulated for each of the five stages-initial stage, heating stage (150 ps), after the initial equilibration stage (450 ps), after late equilibration period (950 ps), and after constant temperature dynamics (5.95 ns). For each dihedral that lies within the helical range of (−57 , −47 ), a weight of 1 was given and for each that does not, a weight of 0 was assigned. The total of ones was then divided by the total number of dihedrals to get the fraction of helical structure to the total structure. Ideally, in an open state the entire structure should be helical. In the initial stage we see that there is about 66% helicity which decreases to 50% after heating to 500 C. A further decline in helicity was observed as the structure is equilibrated and during the constant temperature simulation. In addition to the calculation of -helicity, the fraction of closed state contacts can be used to quantify how far the final structure is from the initial structure. Since we consider the initial state of the peptide as a closed state and we are aiming at the open state as a target, we count the number of hydrogen bonds (H-bonds) in this state as a reference. The number of H-bonds during various stages of the simulation was counted and a fraction relative to the maximum number of 144 was calculated (Fig. 21) . We again observe a sharp drop in the heating period (from 1 to 150 ps). During the equilibration and constant temperature simulation period, a fluctuation around a constant value is observed indicating that there is no appreciable loss of secondary structure in this stage. Figure 22 shows the conformational energy plot for this simulation. In this figure, the origin of the time axis corresponds to the instant right after minimization ends in the initialization stage. As expected, we see a steep rise in the system energy during heating and once the redistribution of potential and kinetic energies starts, the system is seen to stabilize. After this drop in the early and late equilibration stages our results show that the energy oscillates around a constant value up to 4 ns. Further down, our results suggest that the structure stabilizes and this is consistent with our observation that the number of H-bonds contacts remains constant as seen in Figure 21 .
We have done additional simulations considering lower variations in temperature going from 0 to 150 C, # as done in experiments, 46 where a significant regeneration of -helix with the temperature increase was observed.
# Results are not included. In our simulations we do not see refolding into a secondary structure as indicated by the constancy of the energy and by mere examination of the snapshots. This suggests that for this phenomenon to occur, other components, such as additional peptides, or a more elaborated solvent model (explicit solvent) need to be taken into account. Finally another way to quantify how far the structure has come from its initial stage is root mean square deviation (RMSD). Figure 23 shows the RMSD from the energy minimized structure (precursor to the heating) during the whole simulation. The RMSD from the simulation trajectory was calculated for 1500 frames, each frame about 4 ps apart. It is seen that after heating of 150 ps (corresponding frame number 600), the RMSD of 12.6 is achieved which is close to the final value. This indicates that the maximum conformational change occurs during the heating stage and the peptide fluctuates around in similar conformations thereafter. Again the energy and closed state contact plots confirm this observation.
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CONCLUSIONS AND DISCUSSION
The recent explosion in nanotechnology has given place to the creation of biomolecular machines and motors such as viral protein linear actuators (VPL). The idea of the VPL motors, whose constituent proteins belong to a family of retroviruses such as HIV and influenza virus, originates from the mechanism they utilize to infect a cell. When these types of viruses are endocytosed by the cell, they experience a drop in pH and change their structure from a coil strand to an alpha helix conformation. In order to exploit the functional mechanism of viral proteins, it is important to characterize and understand the sensing capabilities of the peptides under different conditions of the environment. In this paper, we illustrate some aspects of the response of the VPL motor to different stimuli, using molecular dynamics. For the study of nanoactuators, in particular, molecular simulations provide a very valuable tool, since sometimes, experiments at the nanoscale may not be simple to perform. Alteration to the protein sequence (mutations) is a good example of a process in which computational studies are much easier to perform than experimental ones due to the complexities involved. One of the challenges is to learn how to control structural mechanisms, behavior, and properties of the basic nanocomponents involved in molecular motors. In this study we learn about changes in the structure experiened by the viral protein actuator monomer as it interacts with other monomers in conditions of trimerization, mutation of its sequence, and changes in temperature.
In the VPL we study a protein that undergoes a remarkably large conformational change upon a drop in pH. In order to simulate the motion of the protein, targeted and traditional MD techniques are employed. Structural changes induced by pH variations are studied by protonating a number of amino acids in the peptide sequence. Our results show that when the wild type is protonated the open state is unfavorable, unless that protonation comes along with a mutation of GLY to ALA. These findings confirm that the protein does not form a helical coil in its natural sequence. These results are in agreement with experimental observations recently made by our group at the Shriners Hospital. 46 Casali et al. found that no appreciable -helix structure was formed upon protonation of the wild-type unless a mutation of GLY by ALA is performed. More studies are needed to establish conclusive results on the effect of pH.
The experimental observation that influenza hemagglutinin peptides showed a conformational change with a significant formation of alpha helix occurs in the wild type (unmutated) at 58 C at neutral pH. 18 In our simulations of a reduced loop50 trimer, this conformational change was not captured within 5.95 ns. Given the remarkably short time frames of our simulations and the size of the peptides, we are unable to observe regeneration of alpha helix. Even more, in order to be able to observe visible conformational changes, we needed to work at very high temperatures. Even at that value of the temperature we do not see complete denaturation, again due to the short time frames under study. In an experimental situation the protein denatures at a much lower value of the temperature (at approximately 71 C). At these relatively low temperatures, a much longer time scale (micro-or even millisecond is required to fully capture alpha helix regeneration.
It is important to mention that high temperature approaches remain a valuable tool for conformational exploration; one must understand, however, that torsional transition kinetics are not correct at higher temperatures. Furthermore, rescaling to lower temperatures yields only approximate results. In spite of this, our goal is to present a methodology for studying large conformational changes in nanoscale molecular systems using both targeted and traditional molecular dynamics techniques that can ultimately be extended to much longer time frames using parallel computing.
We are at the dawn of a new era in the development of molecular machinery, and we are just starting to elucidate some of the challenges that these nanoactuators represent. Future studies will involve investigating interfacing with other molecular components such as carbon nanotubes, biological membranes, inorganic substrates, ions, etc. As mentioned earlier, the end-effector of VPL can be designed according to the requirement. Moreover, the composition of the peptide can be varied according to the environment, as long as the rules of having hydrophobic and polar residues to ensure stability of the coiled-coil system are adhered to. The length of the VPL peptides, the role of the solvent (and solvent composition), binding energies to various target objects, are other variables that need to be investigated in order to assess conditions for optimum performance, (i.e., for example maximum force and stability, a given velocity, etc.).
The VPL peptides are known to work better with specific mutations. 18 This opens up doors for further mutational analysis of the peptide, again directed towards achieving optimal performance parameters. The goal will be to determine the optimal sequence of the VPL peptide that results in the most stable, quickest, powerful, and robust nanoactuator.
